Be diffusivity data in the bulk metallic glass forming alloy Zr 46.7 Ti 8.3 Cu 7.5 Ni 10 Be 27.5 are reported for temperatures between 530 and 710 K, extending 85 K into the supercooled liquid state of the alloy. At the glass transition temperature T g , a change in temperature dependence of the data is observed, and above T g the diffusivity increases more quickly with temperature than below. The data in the supercooled liquid can be described by a modified Arrhenius expression based on a diffusion mechanism suggested earlier. The comparison with viscosity data in the supercooled liquid state of Zr 46.7 Ti 8.3 Cu 7.5 Ni 10 Be 27.5 reveals a breakdown of the Stokes-Einstein relation, indicating a cooperative diffusion mechanism in the supercooled liquid state of
Multicomponent deep eutectic metallic systems based on early transition metals often exhibit superior glass forming abilities [1] [2] [3] [4] [5] and an excellent stability with respect to crystallization in the supercooled liquid state above the glass transition. The latter enables many properties to be measured in this state of metallic systems which were experimentally inaccessible before.
In a recent publication 6 the authors demonstrated that it is possible to measure atomic diffusion in the supercooled liquid state ͑SLS͒ of the bulk glass forming metallic Zr 41.2 Ti 13.8 Cu 12.5 Ni 10 Be 22.5 alloy, 3 using Be as the diffusing species. We suggested that diffusion of these small atoms in the SLS is based on a superposition of single atomic jumps of Be and a cooperative motion of neighbor atoms of Be that supports diffusion by increasing the frequency of critical free volume fluctuations. This leads to a modified Arrhenius expression to describe the temperature-dependent diffusivity of Be in the SLS, D SLS , and probably other atoms which are small enough to perform single atomic jumps in the SLS, 6 ,7
Here D 0 SS and ⌬H M SS are the pre-exponential and migration enthalpy in the solid state ͑SS͒ below the glass transition, ⌬S SLS (T) is the configurational ͑''communal''͒ entropy of the supercooled liquid, N is the typical number of nearestand next-nearest-neighbor atoms which influence the jump of a Be atom by their viscous rearrangements, and N A is Avogadro's number. This picture does not require a detailed modeling of the SLS because it takes advantage of a measurable quantity, the communal entropy, to describe the SLS.
Since the data in Ref. 6 are still limited to a relatively small temperature interval above T g , measurements on metallic alloys with even higher stability in the SLS are desirable. Investigations of small atom diffusion in metallic alloys with different kinetics in the SLS ͑leading to different degrees of temperature dependence of ⌬S SLS ͒ can confirm the connection of diffusivity and communal entropy, as suggested by Eq. ͑1͒. Systematic studies of the diffusion of atomic species with different masses, e.g., through the isotope effect, 8 can reveal the mutual importance of single jump and cooperative effects in the SS and SLS. In particular, for larger atoms no significant single jump contribution to diffusion should be expected. 9 The approach reported in this letter combines the first two points. We chose another member of the ZrTiNiCuBe bulk glass family, Zr 46 Figure 2 shows our measured data and the diffusivity as predicted by the Stokes-Einstein relation for translational diffusion,
by choosing the atomic radius of Be, 1.1 Å, for the molecular radius R and using the calculated (T) from the VogelFulcher fit to the experimentally determined viscosity. 14 According to Fig. 2 , the Be diffusion is much faster in comparison to the prediction of Eq. ͑3͒. The order of magnitude predicted by Eq. ͑3͒ is only similar to the data when subangstrom R values are used, but then Eq. ͑3͒ still predicts a faster decrease of diffusivity with temperature than measured. With increasing temperature the difference between the measured data and the Stokes-Einstein prediction tends to decrease.
The Stokes-Einstein relation is based on the assumption that the diffusing atom behaves as a Brownian particle which moves slowly and with constant velocity in a viscous medium, experiencing a frictional force given by Stokes's law. It thus rests on the idea that the diffusing object is much larger than the constituents of the medium. Although this view cannot strictly be correct for atomic and molecular diffusion, the relation has been successful in correlating measurements of D(T) and (T) for many liquids.
In some organic glasses a breakdown of the StokesEinstein relation at temperatures near but above T g has been reported and attributed to cooperative behavior in the supercooled liquid. 18 In these cases the measured data are also higher than those predicted by the Stokes-Einstein relation, and the decrease of translational diffusivity with temperature is also slower than predicted by the Stokes-Einstein relation.
In all cases, including the supercooled liquid Zr 46.7 Ti 8.3 Cu 7.5 Ni 10 Be 27.5 alloy, the viscous medium does not only hinder the diffusing atom's movement by producing a frictional force, but apparently increases diffusion by 1-2 orders of magnitude when compared to the Stokes-Einstein prediction for the investigated temperature regime. We believe that the observed breakdown of the Stokes-Einstein relation is another indication for the proposed cooperative diffusion mechanism 6 
